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Recent advances in tuning electronic, magnetic, and topological properties of two-dimensional
(2D) magnets have opened a new frontier in the study of quantum physics and promised exciting
possibilities for future quantum technologies. In this study, we find that the dual gate technology
can well tune the electronic and topological properties of antiferromagnetic (AFM) even septuple-
layer (SL) MnBi2Te4 thin films. Under an out-of-plane electric field that breaks PT symmetry,
the Berry curvature of the thin film could be engineered efficiently, resulting in a huge change of
anomalous Hall (AH) signal. Beyond the critical electric field, the double-SL MnBi2Te4 thin film
becomes a Chern insulator with a high Chern number of 3. We further demonstrate that such 2D
material can be used as an AFM switch via electric-field control of the AH signal. These discoveries
inspire the design of low-power memory prototype for future AFM spintronic applications.
AFM spintronics, aiming to use antiferromagnets to
complement or replace ferromagnets as active compo-
nents of spintronic devices, opens a new era in the field of
spintronics owing to its numerous advantages, including
the robustness against perturbation of external magnetic
field, the absence of stray field, and the ultrafast dynam-
ics [1–4]. The key issue to design AFM spintronic devices
is to find an efficient approach to manipulate and detect
the magnetic or electronic quantum states of an antifer-
romagent. By using spin-transfer torque and spin-orbit
torque [1], external electric currents are able to write in-
formation by controlling the AFM order inside spintronic
devices [5–9] or by generating spin currents at interfaces
between antiferromagnets and non-magnets [10]. For ex-
ample, via applying local current in the tetragonal CuM-
nAs thin film, AFM spin orientations can be manipulated
for information storage, which can be readout via detect-
ing the anisotropic magnetoresistance [11, 12]. Based
on such proposal, room-temperature AFM memory cells
have been fabricated experimentally [13].
The electric detection of anomalous Hall effect (AHE)
provides an alternative powerful scenario to design spin-
tronic devices based on antiferromagnets. The physical
origin of the AHE has been under debate for decades
[14]. While, in recent years, people realize that Berry
curvature Ω(k) in the momentum space plays an impor-
tant role in generating the intrinsic AHE. Based on the
symmetry argument, the Berry curvature could be non-
zero in a system without the combination of time rever-
sal symmetry (T ) and inversion symmetry (P), namely
PT symmetry. Such a constrain indicate the antifer-
romagnets with non-collinear magnetism and antifer-
romagnet heterostructures as potential material candi-
dates, including Mn3Ge [15–17], Mn3Sn [18], Mn3Ir[19],
Mn3Pt/BaTiO3 [20] and CrSb/Cr-doped (Bi,Sb)2Te3 su-
perlattices [21]. However, the external control of their
AHE is challenging in practice. For AFM structures
with collinear magnetism, the possible existence of PT
symmetry guarantees the vanishing of Berry curvature,
although non-trivial topological fermions may survive
in some three-dimensional (3D) antiferromagnets [22].
Therefore, to find an effective way to manipulate and
engineer Berry curvature is essential to use AHE as the
detection signal in AFM spintronic devices.
The recently discovered 3D AFM topological insula-
tor (TI) MnBi2Te4 provides us a new chance to design
topological quantum devices controlled by external fields.
Similar to the prototype of 3D TI (e.g., Bi2Se3 family),
MnBi2Te4 crystal is a layered material [23–26]. There ex-
ist strong chemical bonding within each SL (consisting of
Te-Bi-Te-Mn-Te-Bi-Te) and weak van der Waals bonding
between SLs. Each Mn atom has a magnetic moment of
∼ 5 µB (µB is the Bohr magneton) and its spin orienta-
tion is along the out-of-plane z direction [26, 27]. In the
ground state, a long-range ferromagnetic order is formed
in each SL, and adjacent SLs couple with each other an-
tiferromagnetically, displaying an Ne´el temperature TN
∼ 25 K [28, 29]. In contrast to AFM transition-metal
oxides [30], ultrathin films of layered MnBi2Te4 can be
easily cleaved by mechanical exfoliation [31–33] or grown
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2via molecular beam epitaxy [23]. The quantized Hall
effect without Landau levels has been theoretically pre-
dicted and experimentally observed in these thin films
[26, 27, 31–33].
Herein, we focus on 2D AFM MnBi2Te4 thin film with
double-SL whose intrinsic electronic property is topolog-
ically trivial. By using ab initio calculations, we demon-
strate that the out-of-plane electric field induced by dual-
gate technology breaks PT symmetry in AFM double-
SL, engineers its band structures significantly, and gen-
erates huge AH signals. Beyond the critical value, the
electric field induces a topological phase transition, driv-
ing the double-SL MnBi2Te4 to be a quantized anoma-
lous Hall (QAH) insulator with a high Chern number
of 3. Based on these useful properties, we propose a
prototype device as the electric field controlled topologi-
cal AFM memory, whose performance is expected to be
much higher than the current AFM random-access mem-
ory. Thanks to AFM ground state, its electric switch
should be stable and robust under external magnetic field
and the switching time is very fast.
The first-principles DFT calculations are performed
by using the projector-augmented wave method imple-
mented in Vienna ab initio Simulation Package (VASP)
with the GGA-PBE exchange-correlation functional [34].
The energy cut-off for the plane wave basis is set to be
350 eV and the energy convergence criterion is 10−6 eV
for self-consistent electronic-structure calculations. A 20
A˚ vacuum layer is chosen to eliminate the periodic effect
along the z-axis direction. The van der Waals interaction
is included through the DFT-D3 method [35], which has
been tested to have the best performance on describing
the lattice parameters compared with experiments. The
crystal structures are relaxed until the force on each atom
is less than 0.01 eV/A˚. A 24×24×1 Γ-centered k-point
mesh is sampled uniformly over the BZ. The GGA+U
method with U=4 eV is applied to describe the localized
3d orbitals of Mn atom in the electronic structure calcula-
tions. The electric field is applied along the non-periodic
direction with the dipole corrections. The HSE06 hybrid
functional is also applied to check the band gap value [36].
The maximally-localized Wannier functions are obtained
by the Wannier90 packages [37]. The DFT calculated
Bloch functions are projected onto Mn d, Te p and Bi
s and p orbitals to construct the corresponding Wannier
functions. The edge-state and AH conductance is calcu-
lated based on the tight binding model from maximally
localized Wannier functions [38]. To include the tem-
perature effect, the Fermi-Dirac distribution function is
applied in the Kubo-Greenwood formula for the calcula-
tion of AH conductance.
For the bilayer AFM insulating thin film with the PT
symmetry, such as double-SL MnBi2Te4, every Bloch
state at any k point is doubly degenerated. Figure 1
demonstrates the schematics of AFM thin-film structures
in real space and the corresponding electronic bands in
FIG. 1. Schematics of PT symmetry in AFM double
layer. (A) Schematic of AFM double layer with PT symme-
try. The purple balls in each layer represent magnetic atoms
whose magnetic orientations (out-of-plane) are depicted by
arrows (e.g. Mn atoms in double-SLs MnBi2Te4). With PT
symmetry, the Berry curvature Ω(k) at each k point is zero.
(B) Schematic of AFM double layer with an out-of-plane elec-
tric field in which PT symmetry is broken. Correspondingly,
Ω(k) becomes nonzero. (C-E) Schematic band structures of
AFM double-SL MnBi2Te4 thin film without and with electric
field. In C, Each band is doublely degenerate and the inter-
band coupling is forbidden due to PT symmetry. In D and
E, Under the electric field, PT symmetry is broken and the
inter-band coupling will induce a Zeeman-like splitting in the
valence band and a Rashba-like splitting in the conduction
band. Because the valence band maximum (VBM) and the
conduction band minimum (CBM) are mainly contributed by
out-of-plane and in-plane orbitals.
momentum space including the influence of out-of-plane
electric field. In the intrinsic film (see Figs. 1A and
1C), the Berry curvature of the nth Bloch band satisfies
Ωn(k) = −Ωn(−k) with T symmetry, and P symme-
try enforces Ωn(k) = Ωn(−k). Thus, Ωn(k) is zero in
the presence of PT symmetry. Due to the 2D geometric
property, the double-SL MnBi2Te4 can be applied with
an out-of-plane electric field easily by using the dual-gate
technology. As shown in Fig. 1B, the electrostatic po-
tential is different in each SL, which breaks the PT sym-
metry. Therefore, the double degeneracy of each band
gets broken and Ωn(k) becomes non-zero, which enables
the possible observation of AHE via changing the carrier
density in this system. In Figs. 1D and 1E, we show
the schematics of the change of electronic structure un-
der electric field. On the edge of the top valance band,
the degenerated states are mainly contributed by out-of-
plane orbitals with opposite spins localized at different
SLs. The spacial variance of electrostatic potential can
split the band edge, giving rise to a Zeeman-like band
splitting. On the other hand, in-plane orbitals are ma-
jor components on the edge of the bottom conduction
3band, and the applied electric field results in a Rashba-
like spin splitting. When increasing the magnitude of
electric field, the band gap decreases gradually. At the
critical value, the band gap closes, which possibly leads
to a topological phase transition.
By using density functional theory (DFT) (see calcu-
lation details in Methods), we calculate electronic struc-
tures of the double-SL MnBi2Te4 thin film with and with-
out electric field to verify the above physical picture. Fig-
ure 2A displays the lattice structure and the first Bril-
louin zone (BZ) of double-SL MnBi2Te4. The calculated
band structures and Berry curvature Ω(k) for occupied
bands are shown in Figs. 2B-2K. In the absence of exter-
nal field, the AFM ground state has neither P symmetry
nor T symmetry, but has the PT symmetry and C3z ro-
tational symmetry along the z direction. The intrinsic
double-SL MnBi2Te4 is a trivial semiconductor with a
direct band gap at the Γ point (the calculated gap size
is 76 meV) and Ω(k) is zero. We find that each SL in
MnBi2Te4 thin film is antiferromagnetically coupled with
the other in the ground state, consistent with previous
calculations [26, 27].
When applying an out-of-plane electric field to the thin
film, its magnetism keeps the AFM order as the ground
state in a finite field range (see Fig. S2 in Supplementary
Materials (SM)). But the electronic structure varies con-
siderably. Even under a small electric field (see Fig. 2C),
a sizable Zeeman-like splitting is observed at the valance
bands, whose magnitude at the Γ point is comparable
to the electrostatic potential difference between adjacent
SLs. And these states possess opposite spin textures.
On the edge of conduction bands, the Rashba-like split-
ting can be observed but the splitting is much smaller
compared with that of the valance bands. To under-
stand such phenomenon, we calculate the charge density
distribution in real space for split bands on the conduc-
tion and valance bands (see Fig. S3 in SM). We found
that the valance band edge is mainly contributed by the
pz orbital of Te atoms localized on different SLs. They
are partner states under PT symmetry when the electric
field is zero, whose spin-polarizations are locked with the
SL index. The out-of-plane external field can shift these
spin-polarized bands easily, and the energy splitting has
the same order of magnitude as the electrostatic potential
difference between different SLs. Correspondingly, these
bands carry non-zero Berry curvatures. Similar argument
has been used to understand the tuning of Berry curva-
ture and valley magnetic moments in bilayer MoS2 [39].
The band edges of conduction bands are contributed by
p orbitals of Bi atoms and Te atoms in the same SL. The
out-of-plane electric field will enhance the Rashba-like
splitting, which is consistent with our DFT calculations.
When increasing the electric field, band splittings of
valence and conduction bands become larger and larger.
We then find topological phase transitions in the double-
SL MnBi2Te4 thin film. The first critical value Ec1 is
0.021 V/A˚. Figure 2D shows its band structure along
high symmetric lines and the 2D electronic structure for
two low-energy bands around the Γ point is displayed
in Fig. 2H. The band crossing points are along lines of
Γ-K’. Because the applied electric field is along the z di-
rection, it does not break C3z symmetry, then three gap-
less points are observed in the first BZ. Figure 2J shows
the momentum resolved distribution of the Berry curva-
ture Ω(k). Different from conventional topological phase
transition that just hosts singularities of Berry curva-
ture at the crossing points [40], we find a triangle region
around the Γ point with small gap size, in which all states
have large Ω(k). Beyond Ec1, double-SL MnBi2Te4 be-
comes a AFM QAH system with a high Chern number of
3, as shown in Fig. 2I. To the best of our knowledge, this
result is the first proposal to realize the QAH effect with
high Chern numbers based on realistic AFM materials.
If we further increase the electric field beyond the second
critical point (Ec2 = 0.027 V/A˚), the gap closing process
occurs along lines of Γ-K. Then the double-SL MnBi2Te4
becomes a trivial AFM metal. Due to the breaking of
PT symmetry, this metallic AFM thin film has the non-
zero Berry curvature distribution (Fig. 2K), contributing
to an intrinsic AH signal. But its value is not quantized
anymore. When we flip the direction of electric field and
keep the magnetic structures, the AH signals change sign
correspondingly.
In order to confirm the predicted non-trivial band
topology of the double-SL MnBi2Te4 thin film under cer-
tain electric fields, we build the 2D tight-binding model
with semi-infinite boundary conditions to calculate the
edge states, whose effective hopping terms are obtained
from ab initio calculations. In Figs. 3A and 3C, we
plot the band structure of edge states and AH conduc-
tance as a function of chemical potential in double-SL
MnBi2Te4 thin film under the electric field of 0.023 V/A˚.
Inside the 2D bulk gap, we can observe three chiral edge
states clearly. They connect the conduction and valance
bands, contributing to the quantized AH conductance of
σxy = 3 e
2/h (see Fig. 3C). Beside the topologically non-
trivial edge states, some other edge states are also found
in Fig. 3A along the line of Γ-K. These edge states are
topologically trivial without the intrinsic contribution to
the AH conductance.
Figure 3B demonstrates the AH signal as a function
of chemical potential and external perpendicular electric
field that can be well controlled via dual-gate technology.
In the trivial semiconducting phase (marked as Phase I
in Fig. 3B), we observe the negative AH effect when tun-
ing the Fermi level to the conduction band with minor
electron doping. Its band structure, the Fermi surface,
and related spin textures are shown in Fig. S5. We
find the Rashba-like splitting on the conduction band,
but different from the traditional Rashba splitting of the
non-magnetic semiconductor interface, a finite band gap
exists at the Γ point without the Kramers’ degeneracy.
4FIG. 2. Electronic band structures and Berry curvature of the double-SL MnBi2Te4 thin film under electric
fields. (A) The lattice structure of double-SL MnBi2Te4 thin film and the first BZ. The magnetic orientations on Mn atoms
are marked by red arrows. (B-G) Band structures of double-SL MnBi2Te4 thin film under different electric fields, whose
magnitudes are 0, 0.010, 0.021, 0.023, 0.027, 0.029 V/A˚, respectively. The Fermi levels marked by the black dash lines are set
to be zero. It notes that in (E) the black dash line is overlapped with the red one. (H) 2D electronic structures around the
Fermi level and the Γ point when AFM thin film under the critical electric field. The band crossing points are marked as red
stars. (I) A schematic drawing depicting the QAH edge states with a Chern number of 3 in the double-SL MnBi2Te4 thin film
under electric field. The magnetic Mn atoms is indicated by the purple balls with arrows and the the electric field direction is
indicated by black arrow. (J-K) Distributions of the Berry curvature in the first BZ for double-SLs MnBi2Te4 thin film under
E = 0.023 V/A˚ and E = 0.029 V/A˚. Corresponding energy levels are marked as the red dash lines in (E) and (G).
Such anti-crossing point originates from the breaking of
T symmetry and contributes a large value to the Berry
curvature, whose sign is determined by the local spin tex-
ture. Away from the anti-crossing point, the out-of-plane
component in spin polarization will change the sign, re-
sulting in the positive Berry curvature whose value is
smaller compared with that at the anti-crossing point
(see Fig. S5E in SM). Therefore, the total AH signal
is negative. With increasing the electric field, the anti-
crossing gap becomes larger and the value of correspond-
ing negative Berry curvature becomes smaller, thus the
AH signal decreases and even changes the sign. Fur-
ther increasing the electric field, we obtain the quantized
AH signal inside the band gap that is guaranteed by the
non-trivial band topology of double-SL MnBi2Te4 thin
film (see Phase II in Fig. 3B). The thin film becomes
a trivial AFM metal in Phase III when the electric field
is beyond Ec2. Its AH signal has finite value when the
chemical potential is zero but increases rapidly when we
shift down the Fermi level to lower energies. The corre-
sponding band structures and Fermi surfaces are shown
in Fig. S6. These states are spin-polarized and host large
Berry curvature.
The drastic change of AH signal caused by varying
chemical potential and electric field offers an opportu-
nity to design AFM spintronic devices via dual-gate tech-
nology. Figures 4A and 4B show the proposed device-
prototype of the AFM memory. We use the standard
dual-gate to simultaneously control the perpendicular
electric field and Fermi level to encode the information as
5FIG. 3. Nontrivial topological properties of the
double-SL MnBi2Te4 thin film under electric fields.
(A) Edge states in double-SL MnBi2Te4 thin film under the
electric field of E = 0.023 V/A˚. (B) The AH signal as a func-
tion of chemical potential and external perpendicular electric
fields. The chemical potentials are aligned to Fermi levels.
The phase regions I, II and III represent trivial semiconduct-
ing phase, QAH phase, and trivial AFM metal phase, re-
spectively. The black dashed lines mark the energy positions
of conduction and valence band edges. (C) AH conductance
with varying chemical potential in double-SLs MnBi2Te4 thin
film under the electric field of E = 0.023 V/A˚. The chemical
potential scale is marked as the red solid line in (B).
the “write-in” process and use the Hall bar to detect the
AH conductance as the “read-out” process. In principle,
the AH conductance in “Off” state is zero and its value in
“On” state could be as large as 3 e2/h, so its ideal on/off
ratio is infinite. In the realistic experimental conditions
with dissipation and at finite temperatures, the double-
SL MnBi2Te4 thin film could be supported on substrates
with large dielectric constant, such as BN, silicon, and
SrTiO3. The contacting interface might induce an effec-
tive electric field that slightly breaks the PT symmetry.
The AH conductance in “Off” state thus gains a finite
value. In order to simulate such effect, we put double-SL
MnBi2Te4 thin film on BN substrate and estimate the
effective electric field strength (see Fig. S7 in SM). Then
we evaluate its performance at different working temper-
atures. The calculated results are shown in Figs. 4C and
4D. With increasing the temperature, more states are
thermally excited and the on/off ratio becomes smaller,
but its value (106-1014) still much larger than the cur-
rently realized AFM random-access memory [5–7, 10–
13]. In our current calculations, we mainly consider the
intrinsic Berry-phase-related AHE. Some other extrinsic
mechanisms (e.g. skew scattering) may also contribute
to AH signals [14], but their contributions should be in-
significant. Because, in contrast to the magnetic alloys,
MnBi2Te4 thin films are cleaved from high-quality single
crystals with lower density of impurities and disorders
[31–33]. The intrinsic mechanism should dominate the
contribution of AHE.
Beyond the double-SL, the discussed physics and pro-
FIG. 4. Memory devices based on AFM double-SL
MnBi2Te4 thin film. (A) Top view of schematics for a
Hall bar device. The blue arrows indicate the edge current
direction. The red areas show the double-SL MnBi2Te4 thin
film. The gray and yellow areas represent the substrate and
attached electrodes, respectively. (B) The schematic oper-
ation for the AFM memory device. “On” and “Off” states
are for double-SL MnBi2Te4 thin film in the trivial semicon-
ductor phase and QAH phase. (C-D) AH conductance with
varying temperature in double-SL MnBi2Te4 thin film under
the electric field of E = 0.010 V/A˚ and E = 0.023 V/A˚, the
temperature is normalized to Ne´el temperature TN=25K.
posed spintronic device-prototype in this work could be
generalized to other MnBi2Te4 thin films with even-SL
thickness as long as PT symmetry is not intrinsically
broken. As the confirmation, we apply the external elec-
tric field to a four-SL MnBi2Te4 thin film that was re-
garded as an axion insulator [25]. The calculated elec-
tronic structures are shown in Fig. S8. We can still
observe the spin-polarized band splitting and topologi-
cal phase transitions driven by the electric field. While,
its critical values are smaller than those in double-SL
MnBi2Te4 and the topologically non-trivial phase region
becomes narrower. To conclude, we believe that the elec-
tric field is an efficient method to manipulate the Berry
curvature effects in even-SL MnBi2Te4 thin films, result-
ing in a large change of AH signal. Thus the even-SL
MnBi2Te4 thin film is a promising material platform to
build the low-power AFM memory bit based on the AH
signal with electric write-in and read-out. We expect its
performance to be stable and robust under the external
magnetic field. This work paves the way for using even-
SL MnBi2Te4 thin films, and perhaps AFM topological
thin films more generally, in a new generation of electri-
cally switchable AFM spintronic devices.
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